
US007639906B1 

(12) Ulllted States Patent (10) Patent N0.: US 7,639,906 B1 
Strasser et a]. 45 Date of Patent: *Dec. 29 2009 a 

(54) TUNABLE OPTICAL COMMUNICATION 6,295,154 B1 9/2001 Laor etal. ................ .. 359/223 
SYSTEM 6,631,222 B1 10/2003 Wagener et al. 385/16 

6,891,676 B2 5/2005 Ford et al. ...... .. 359/572 

(75) Inventors: Thomas Andrew Strasser, Warren, NJ * 3am‘ _ , , rassere a. gisgflg?ghsqnthl‘lvagsenlgr’ New Hlgpe’ 2002/0145782 A1 * 10/2002 Strasser et a1. 359/127 

’ “s 01’ er ' oeppen’ eW 2003/0164959 A1 9/2003 Towery .......... .. 358/1.8 

Hope’ PA (Us) 2004/0196358 A1 10/2004 Murokh et a1. 347/255 
2005/0074204 A1 4/2005 W'l t l. ............... .. 385/24 

(73) Assignee: Nistica, Inc., PiscataWay, NJ (US) 1 Son 6 a 
OTHER PUBLICATIONS 

( ) Nonce' 8:221???goeilgn€sgliinséi1522333131155??? Doerr, C.R. et al., “Eight-Wavelength Add-Drop Filter With True 
p J Recon?gurability,” IEEE Photonics Technology Letters, vol. 15, No. 
U.S.C. 154(b) by 0 days. 1, Jan‘ 2003,1313‘ 138440 

This patent is subject to a terminal dis- * cited by examiner 
1 ' . 

C almer Primary ExamineriSung H Pak 

(21) Appl~ p10‘Z 11/880,118 (74)AZZOrney, Agent, orFirmiMayer &Wi11iams PC, Stuart 
H. Mayer, Esq. 

(22) Filed: Jul. 19, 2007 
(57) ABSTRACT 

Related US. Application Data _ _ _ _ _ 

_ _ _ _ _ An opt1ca1 Wavelength rout1ng dev1ce ut111Zes a free space 

(62) DlVlSlOn of aPPllcatlon NO- 11/113,822, ?led on APL optical beam propagating therethrough is provided. The 
25, 2005, HOW Pat- N0~ 7,257,288 device includes at least one optical ?ber input, at least one 

(60) Provisional application No. 60/564,904, ?led on Apr. Optical ?ber Output’ an Optical element having an actuator 
23 2004' With at least one tilt axis and a diffraction element having a 

’ surface thereon. The device also includes an optical beam 
s littin element havin s atiall va in o tical ro erties. (51) Int.Cl. P g g P y W 8 P P P 

G02B 6/28 (200601) An optical beam transfer arrangement is positioned betWeen 
(52) us. Cl. ............................ .. 385/24- 385/25- 385/37 the Optical element and the diffraction element Such that til‘ 
(58) Field of Classi?cation Search ’ ’ None actuation of the optical element elicits a proportional change 

See a lication ?le for Com lete' in an angle of incidence of the optical beam onto the diffrac 
pp p ry' tion element, Wherein the center of rotation for the angular 

(56) References Cited Change is the surface of the diffraction element. Optical rout 

620: Tilt Mirror 

U.S. PATENT DOCUMENTS 

5,960,133 A 
6,097,859 A 

9/1999 Tomlinson ................. .. 385/18 

8/2000 Solgaardet al. ............. .. 385/17 

601: Input collimator 

603: Drop Collimator “*“““\ 

I 610: Prism 1 

ing betWeen the ?ber input and the ?ber output can be con 
?gured by the positioning of the optical element. 

3 Claims, 14 Drawing Sheets 

602: Thru Collimatorm 

630: Aspheric Lens 640: Aspheric Lens i 

672: Mirror containing Slit 

671: Slit Mirror 

670: Mirror Assembly 

V \ \ 

650: Diffraction Grating 
‘ 6601 M4 waveplate 



US. Patent Dec. 29, 2009 Sheet 1 0f 14 US 7,639,906 B1 

110 117 

105 

100 
104 

/ FIG. 1 

103 é %‘ 1% . "L51 

, K K 

101 



U S. Patent Dec. 29, 2009 Sheet 2 0f 14 US 7,639,906 B1 

m 



U S. Patent Dec. 29, 2009 Sheet 3 0f 14 US 7,639,906 B1 



US. Patent Dec. 29, 2009 Sheet 4 0f 14 US 7,639,906 B1 



U S Patent Dec. 29, 2009 Sheet 5 0f 14 US 7,639,906 B1 



US. Patent Dec. 29, 2009 Sheet 6 6f 14 US 7,639,906 B1 

w .05 

833%? w} 6% 

was @233‘ "2% 

8E2 Em “Sb Em magmas BEE “who 

23 QEQQMQ Homo 

T095260 :5 "8w % 

BEE :E. Hos Emtm "o5 SEEEOU QED “mow 838500 3%: “So 





US. Patent Dec. 29, 2009 Sheet 8 0f 14 US 7,639,906 B1 

Ow .UE vwwéow oww\\\ 0 
N5 

mm .UE 
/ \ aw 

// o2 
N; 3% I. 0; 

541111... 6% 11.2w 

<wdE 
2w... 1% 22 

5 

/ is $111k... 8w 



U S Patent Dec. 29, 2009 Sheet 9 0f 14 US 7,639,906 B1 

i... 



U S. Patent Dec. 29, 2009 Sheet 10 0f 14 US 7,639,906 B1 



U S Patent Dec. 29, 2009 Sheet 11 0f 14 US 7,639,906 B1 

5.. 



U S Patent Dec. 29, 2009 Sheet 12 0f 14 US 7,639,906 B1 

. .....~ 
. . 4.1M 



U S. Patent Dec. 29, 2009 Sheet 13 0f 14 US 7,639,906 B1 



US. Patent Dec. 29, 2009 Sheet 14 0f 14 US 7,639,906 B1 



US 7,639,906 B1 
1 

TUNABLE OPTICAL COMMUNICATION 
SYSTEM 

STATEMENT OF RELATED APPLICATION 

This application is a divisional of Us. patent application 
Ser. No. 11/ 113,822, ?led Apr. 25, 2005, entitled “Tunable 
Optical Routing Systems,” Which claims the bene?t of Us. 
Provisional Application Ser. No. 60/564,904, ?led Apr. 23, 
2004. Both of the prior applications are incorporated herein 
by reference in their entireties. 

FIELD OF THE INVENTION 

This invention generally pertains to Wavelength division 
multiplexed optical communication systems, and more par 
ticularly to a means to direct light in a ?exible manner, includ 
ing the articles and means to construct such a system. 

BACKGROUND OF THE INVENTION 

There has been signi?cant commercial interest in multiple 
Wavelength WDM systems in recent years, hereafter referred 
to as Dense Wavelength Division Multiplexing (DWDM) 
systems. These systems leverage the capability of a single 
optical ?ber to carry multiple Wavelengths of light, a tech 
nique that effectively multiplies the bandWidth capacity of a 
given ?ber by the number of Wavelengths that can be trans 
mitted. The demand for higher bandWidth communication 
systems has been driven by large increases in information 
?oW driven by the Internet and other data tra?ic. In addition, 
the invention of Erbium Doped Fiber Ampli?ers (EDFA) to 
amplify the poWer levels of many Wavelengths in a single 
ampli?er has further increased the application space of this 
technology because the ampli?cation cost per Wavelength for 
an EDFA is very loW compared to the Optical-to-Electrical 
to-Optical (OEO) regeneration that Would otherWise be 
needed, hence it is much cheaper to send large numbers of 
Wavelengths over large distances in a single ?ber than it 
Would be to send individual Wavelengths over separate ?bers. 
This economic justi?cation has led to the transmission of 
large amounts of bandWidth in multiple Wavelengths over a 
single ?ber, and in turn has driven the need to ?exibly route 
those Wavelengths at the Wavelength layer to avoidbandWidth 
scaling issues With electrical based sWitching (cost/siZe/heat 
dissipation/upgradability) as Well as the expense of OEO 
regeneration that electrical sWitching requires. The availabil 
ity of cost-effective signal ampli?cation from the EDFA has 
in part supported increased functionality at the Wavelength 
layer by providing a reasonable insertion loss budget for neW 
subsystems to obtain this functionality. 
The earliest Wavelength routing devices preceded the 

EDFA, and generally leveraged Wavelength dependent eva 
nescent coupling betWeen multiple Waveguides, or the Wave 
length-dependent transmission of a dielectric Thin Film Filter 
(TFF) to passively route light along multiple paths in a Wave 
length-dependent manner. In general these devices have loW 
cost and loW insertion loss, hoWever the Wavelength-depen 
dent routing con?guration is static and the intrinsic device 
provides for no control or feedback of the optical signals that 
?oW through it. These limitations have been overcome in 
modern communication systems by designing subsystems 
from these basic Wavelength-dependent routing building 
blocks that integrate detectors for monitoring, Variable Opti 
cal Attenuators (V OAs) for poWer level control, and optical 
sWitches for changing the routing con?guration. This integra 
tion can be in the form of discrete devices (or arrays of 

5 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
devices), integration on a Planar LightWave Circuit (PLC), or 
a hybrid free-space Wavelength Selective SWitch (WSS). 
The WSS is the neWest and perhaps the most scalable 

Wavelength monitoring and signal control device because it 
operates on all Wavelengths Within a single free-space region, 
thus has a loWer per Wavelength cost for many Wavelength 
devices. The functionality of the device is shoWn in 100 of 
FIG. 1, Where any Wavelength on input 101 of the device can 
be routed via sWitches 104 to any output port 110-117 at a 
preset attenuation (or poWer level) determined by the settings 
of VOA 103, Where that routing is independent of the routing 
of the other Wavelengths because the input demultiplexer 102 
and output multiplexer array (105) create independent rout 
ing paths for each Wavelength. This is essentially the most 
?exible Wavelength routing device possible, and it is achieved 
With better performance (insertion loss, ?ltering characteris 
tics) than available from discrete components or integrated 
PLCs. Although this WSS technology is not yet mature, it 
seems quite likely that the premium performance and price of 
this technology Will enable it to dominate signal control and 
monitoring applications in devices Where ?exible routing of 
many Wavelengths is required. 

At the present time, the segments of the communication 
netWork With economic justi?cation for ?exible routing of 
many Wavelengths are the long haul, regional and/or metro 
core netWorks. In the metro edge and or access netWorks there 
are currently not many Wavelengths at a given node, and the 
traf?c pattern of the Wavelengths present is almost exclu 
sively hubbed, that is information collected from all the edge 
nodes on a ring are backhauled to a single common hub node. 
The most ef?cient optical layer protection for this Well-de 
?ned traf?c pattern is a simple dedicated (1+1) protection 
scheme and essentially one end of every service is a-priori 
knoWn to be the hub node. For these reasons, the per-Wave 
length routing ?exibility of a WSS is not nearly as valuable as 
in other parts of the netWork Where mesh tra?ic patterns 
prevail. In addition, this edge portion of the netWork is shared 
by the feWest customers, and hence requires the loWest cost 
structure. Therefore it is likely that even though the WSS is 
more cost-effective than the other technology alternatives 
With equivalent functionality, it is likely too expensive to use 
at the edge of the netWork Where the ?exibility it provides 
may not add su?icient value. 

While netWork edge components may not require the 
extraordinary ?exibility of a WSS, it still can bene?t from 
added ?exibility. The edge of the current netWork is domi 
nated by the Multi-Service Provisioning Platform (MSPP), 
Which aggregate multiple clients through an electrical sWitch 
fabric, and transmit a single Wavelength line signal to the hub 
node (typically along tWo diverse paths). HoWever as the 
bandWidth for a single customer approaches the capacity of a 
single Wavelength, the services provided Would transition to 
“Wavelength services”, and numerous Wavelength services 
might be required even Within a single building that houses 
multiple businesses. Examples of these Wavelength services 
are the full (non rate-limited) bandWidth services of Gigabit 
Ethernet (GbE) and 10 Gigabit Ethernet (10 GbE). This evo 
lution of the netWork edge dilutes the value of MSPP electri 
cal aggregation of many loWer bandWidth signals into a single 
Wavelength, While enhancing the value of DWDM netWorks 
that carry multiple Wavelengths to a single access node. This 
type of netWork Will typically be constructed from rings to 
provide signal protection through diverse path routing, and 
Will have a hubbed traf?c pattern such that tra?ic from all 
edge nodes is backhauled to the hub node. Today static TFF 
couplers largely service the DWDM Optical Add-Drop Mul 
tiplexing (OADM) at an edge node in this part of the netWork. 
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These ?lters route (demultiplex) either a single Wavelength or 
a band of Wavelengths to a different output than the remaining 
DWDM Wavelengths. Installation of neW TFF ?lters breaks 
the optical path passing through a node, Which is at the very 
least undesirable, and for many carriers unacceptable if sig 
nals from other nodes are interrupted. For this reason this part 
of the netWork frequently uses a TFF OADM that drop bands 
or groups of Wavelengths from the express path. This 
approach has the bene?t that only a single, relatively inex 
pensive and loW loss TFF is needed at installation for the 
Wavelengths passing through the node, thus adding additional 
drop Wavelengths through that existing banded ?lter do not 
interrupt, or “hit” the existing services. Such a service addi 
tion does require installation of additional demultiplexing 
?lters for each drop Wavelength, hoWever this installation is 
“hitless” because it does not impact the existing services. 

There remains room for improvements of OADM ?exibil 
ity in access applications even With the aforementioned ben 
e?ts of TFF OADM. The need for improvement primarily 
stems from three limitations. The ?rst is that for hitless 
upgrades of additional Wavelengths the demands for each 
node need to be preplanned to correctly install the required 
TFF in the express path (through) at each node. This preplan 
ning is not only time consuming, but also results in unused, 
stranded system capacity When capacity at that node does not 
materialize to meet the projected demand. The second limi 
tation is the concatenation of multiple banded TFFs and indi 
vidual demultiplexing drop ?lters is a time-consuming, 
manually intensive process that requires skilled craftsmen. 
The ?nal limitation is this complex arrangement of ?lters can 
result in signi?cant amounts of loss, including differential 
loss for different Wavelengths. This loss variation results in a 
system reach that is Wavelength-speci?c, implying Wave 
length-dependent engineering rules for the system that Will be 
custom for every con?guration. To mitigate this impact, sys 
tems typically install multiple individual attenuators on each 
transmitter to provide the required transmission performance 
for each channel. These latter tWo problems prevent the 
equivalent automation of signal routing in the optical layer as 
has alWays been provided in the electrical layer. This combi 
nation of non-automated, manual, and skill-intensive con 
?guration procedures creates a barrier to fast deployment of 
DWDM at the edge of the netWork, and is in general an 
impediment to rapid deployment of cost-effective, high band 
Width services at the edge of the netWork. 

Accordingly, it Would be useful for a communication sys 
tem to be cost optimiZed for the edge of the netWork While 
providing more automated line-side provisioning that does 
not require pre-planning While minimiZing the probability 
that unused bandWidth Will be stranded at the edge nodes. 
This application Will describe such a system, including 
unique components and subsystems required for such a sys 
tem. 

SUMMARY OF THE INVENTION 

In accordance With the present invention, an optical Wave 
length routing device is provided, Which utiliZes a free space 
optical beam propagating therethrough. The device includes 
at least one optical ?ber input, at least one optical ?ber output, 
an optical element having an actuator With at least one tilt axis 
and a diffraction element having a surface thereon. The device 
also includes an optical beam-splitting element having spa 
tially varying optical properties. An optical beam transfer 
arrangement is positioned betWeen the optical element and 
the diffraction element such that tilt actuation of the optical 
element elicits a proportional change in an angle of incidence 
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4 
of the optical beam onto the diffraction element, Wherein the 
center of rotation for the angular change is the surface of the 
diffraction element. Optical routing betWeen the ?ber input 
and the ?ber output can be con?gured by the positioning of 
the optical element. 

In accordance With one aspect of the invention, the optical 
beam actuator has tWo tilt axes. 

In accordance With another aspect of the invention, the tWo 
tilt axes enable substantially independent control of both a 
center Wavelength and a drop bandWidth of the optical beam 
diverted from the primary output port 

In accordance With another aspect of the invention, the tWo 
tilt axes enable substantially independent control of both a 
center Wavelength and poWer level of routed Wavelengths. 

In accordance With another aspect of the invention, the 
optical beam transfer arrangement is a lens-based telescope. 

In accordance With another aspect of the invention, at least 
2 optical ?ber outputs are provided. 

In accordance With another aspect of the invention, 
optical element is a 2 axis MEMs tilt mirror. 

In accordance With another aspect of the invention, 
diffraction element is a re?ective diffraction grating. 

In accordance With another aspect of the invention, 
diffraction element is a transmissive diffraction grating. 

In accordance With another aspect of the invention, the 
optical beam-splitting element comprises a ?at mirror surface 
and a beamsplitting region With stepWise segmented Width 
variation in an axis perpendicular to grooves of the diffraction 
grating to perform spectrally selective routing. 

In accordance With another aspect of the invention, the 
stepWise segmented regions have a smoothed transition 
betWeen them. 

In accordance With another aspect of the invention, the 
optical beam-splitting element comprises a ?at mirror surface 
and at least tWo separate beamsplitting regions of optical 
re?ection and/or transmission along an axis that is perpen 
dicular to grooves in the diffraction grating to perform spec 
trally selective signal routing. 

In accordance With another aspect of the invention, the 
optical beam-splitting element comprises a ?at mirror With 
spatially varying re?ectivity to perform spectrally selective 
routing and to impart a desired Wavelength dependent loss. 

In accordance With another aspect of the invention, the 
optical beam splitting element With spatially varying optical 
properties has dithered optical transition regions to reduce 
PDL of split optical beams. 

In accordance With another aspect of the invention, an 
optical Wavelength routing device is provided, Which utiliZes 
a free space optical beam propagating therethrough. The 
device includes at least one optical ?ber input, at least tWo 
optical ?ber outputs, an optical element having an actuator 
With tWo tilt axes, a diffraction element, and an optical beam 
splitting element having spatially varying optical properties. 
The spectral transmission properties are con?gurable by 
selective positioning of the actuator about the tilt axes. 

In accordance With another aspect of the invention, a cou 
pling arrangement is provided on at least one of the multi 
Wavelength output ports that use a ?ber optic passive splitter 
to direct substantially identical copies of that output signal 
into separate paths for subsequent demultiplexing. 

In accordance With another aspect of the invention, a single 
channel optical bandpass ?lter is coupled to one or more of 
the optical splitter output ports to enable transmission of the 
single channel. 

In accordance With another aspect of the invention, light 
from at least one of the multiWavelength output ports is 

the 

the 

the 
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coupled into a cyclical demultiplexer that separates any con 
tiguous drop bandwidth into individual channels. 

In accordance With another aspect of the invention, the 
cyclical demultiplexer is based on arrayed Waveguide tech 
nology. 

In accordance With another aspect of the invention, the 
cyclical demultiplexer is based on cascaded periodic ?lter 
technology. 

In accordance With another aspect of the invention, a 
DWDM optical communication transmission system is pro 
vided. The system includes a plurality of nodes intercon 
nected by an optical transmission path and an optical Wave 
length routing device. The optical Wavelength routing device 
includes at least one optical ?ber input, at least tWo optical 
?ber outputs, an optical element having an actuator With tWo 
tilt axes, a diffraction element, and an optical beam-splitting 
element having spatially varying optical properties. The spec 
tral transmission properties are con?gurable by selective 
positioning of the actuator about the tilt axis. One of the ?ber 
outputs selectively routes Wavelengths along an express path 
through a node to a subsequent node, and the other of the ?ber 
outputs routes drop optical tra?ic at that node. 

In accordance With another aspect of the invention, the 
plurality of nodes are arranged in a ring topology With a hub 
tra?ic pattern. 

In accordance With another aspect of the invention, the 
plurality of nodes are arranged in a ring topology With a mesh 
tra?ic pattern, Wherein at least tWo of the nodes on the ring 
have independent drop access to any Wavelength. 

In accordance With another aspect of the invention, a Wave 
length selection algorithm is provided for a tunable optical 
Wavelength device With contiguous bandWidth restriction 
that, upon request, provides an advantageous bandWidth 
expansion Wavelength depending on a least one of the folloW 
ing factors: unutiliZed bandWidth on either side of the existing 
dropband; capacity currently dropped at a node; capacity 
dropped at nodes in the adjacent nodes in spectrum space; and 
the number of nodes sharing bandWidth on the netWork. 

In accordance With another aspect of the invention, a 
method is provided for variably adjusting the center wave 
length and drop bandWidth of a 3 port tunablc ?ltcr. The 
method includes the steps of: dispersing input Wavelengths 
laterally across an optical arrangement oriented to re?ect 
input Wavelengths into a ?rst output port; selectively posi 
tioning the dispersed Wavelengths over an optical beamsplit 
ting region of the optical arrangement that splits the portion of 
the optical beam impinging on the beamsplitting region and 
directs the split portion of the beam to a second output port; 
adjusting the position of the input Wavelengths along a ?rst 
axis to position the center Wavelength on the beamsplitting 
region; and adjusting the position of the input Wavelengths 
along a second axis perpendicular to the ?rst axis to position 
the input Wavelengths on a portion of the beamsplitting region 
that is Wider or narroWer depending on Whether a Wider or 

narroWer bandWidth, respectively, is desired. 

In accordance With another aspect of the invention, a hitless 
bandWidth tunability is provided on the ?rst output during a 
change in Wavelength con?guration by further adjusting a 
position of the incident Wavelengths along the second axis via 
the narroWer beamsplitting region direction to a region of the 
optical arrangement that has no beamsplitter and adjusting 
the position of the incident Wavelengths along the ?rst axis to 
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6 
align a selected center Wavelength adjacent to a narroWest 
portion of the beamsplitter region. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a functional diagram of a Wavelength Selec 
tive SWitch, Which can be achieved With different technolo 
gies that do not necessarily employ the same discrete ele 
ments. 

FIG. 2 shoWs a con?guration of a Wavelength Selective 
SWitch based on a free space diffraction grating. 

FIG. 3 shoWs one embodiment of a hitless tunable ?lter 
constructed in accordance With the present invention. 

FIGS. 4A-4C shoW the positional dependence of the spec 
trally separated beam on the beamsplitter surface relative to 
the positioning of the tilt mirror depicted in FIG. 3. 

FIGS. 5A-5F shoW various embodiments of the retro-re 
?ecting mirror. 

FIG. 6 shoWs an alternative embodiment of the hitless 
tunable ?lter constructed in accordance With the present 
invention. 

FIG. 7 shoWs a hubbed system architecture using a tunable 
hitless ?lter With dynamic drop bandWidth allocation. 

FIGS. 8A-8C shoW a three port hitless tunable ?lter used in 
various OADM con?gurations. 

FIGS. 9A and 9B shoW different vieW of one embodiment 
of a multiple input optical channel monitor constructed in 
accordance With the present invention. 

FIGS. 10A and 10B shoW alternative embodiments of the 
channel monitor depicted in FIGS. 9A and 9B, Which employ 
separate grating and tilt mirror elements. 

FIG. 11 the input collimators of FIG. 10 arranged in a 
double pass con?guration. 

FIGS. 12A and B shoW the Wavelength dependent loss 
resulting from varying re?ectivity over different mirror sur 
faces. 

DETAILED DESCRIPTION 

In accordance With the present invention, a Hitless Tunable 
Filter (HTF) technology is provided to ?exibly route optical 
signals. It provides Wavelength-selective routing functions in 
a much simpler and loWer cost structure than currently avail 
able from existing WSS technology. Although this simpli? 
cation someWhat reduces the functionality relative to a WSS, 
it retains a signi?cant level of ?exibility that Would make it a 
superior choice for cost-sensitive netWork applications as it 
can be provided at a fraction of the cost, With a signi?cantly 
reduced insertion loss, and With loW polariZation sensitivity 
as is required for virtually all communication system appli 
cations. 

There are multiple technology platforms Which have been 
used to demonstrate the functionality of a WSS, including 
free space optics With a diffraction grating (see US. Pat. Nos. 
5,960,133, 6,097,859), free space optics With thin ?lm ?lters 
(U .S. Pat. No. 6,631,222), and integrated photonic lightWave 
circuits (C. R. Doerr, et al., Eight-Wavelength add-drop ?lter 
With true recon?gurability IEEE Phot. Tech. Lett. Vol. 15, 
Issue 1, 138-140 (2003)). FIG. 2 shoWs an exemplary prior art 
WSS arrangement of the diffraction grating approach. In this 
arrangement incoming light from one of the collimators in the 
input collimator array 200, and diffracts off a grating 210, 
Which spectrally separates the input signal into different 
Wavelength components, Which are then focused With cylin 
drical lens 230 onto sWitch array 240. SWitch array 240 has 
multiple tilting mirror elements, 241, 242, 243, etc., and 
typically contains at least one for each Wavelength. The indi 
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vidual mirrors can preferably tilt in tWo axes to retrore?ect the 
incident beam along a path that is offset from the input beam 
but parallel and in the opposite direction. The individual 
mirrors can be controlled such that these retrore?ected beams 
can be coupled into other collimators in the collimator array 
that serve as output ports. Detuning the beam alignment rela 
tive to the optimum position can also control the poWer 
coupled into the output ports. This arrangement effectively 
yields a sWitch With the capability to route any Wavelength 
from the input to the output at an adjustable poWer level, 
Where the routing of each Wavelength is independent of the 
others. This enables recon?guration of any drop Wavelength 
Without effecting the poWer or crosstalk of any other thru or 
drop Wavelengths. This is often referred to as “hitless” recon 
?guration, Where for true hitless con?guration, the recon?gu 
ration not only Would avoid disrupting the transmission along 
the other paths of the device, but in addition no undesired 
crosstalk Will arise from other Wavelengths being coupled 
into any of the existing output ports during mirror reposition 
mg. 
A tWo port tunable ?lter that uses feWer elements than a 

WSS is disclosed in Us. Patent Application 2004/0136074. 
This device discloses a number of arrangements using a tilt 
able diffraction grating to provide a tunable Wavelength ?l 
tered output, hoWever as disclosed this device has several 
limitations Which make the device unsuitable for the majority 
of optical communication system applications today. Speci? 
cally, this reference does not disclose an implementation With 
loW cost, loW Polarization Dependent Loss (PDL), loW Inser 
tion Loss (IL) and high reliability required for communica 
tion system applications. The reasons these desirable proper 
ties cannot be achieved simultaneously by the ?lter shoWn in 
this reference is because of the folloWing limitations 
described in the speci?cation thereof: 

(a) Need to double pass to alloW a loW insertion loss cou 
pling of a multiple band Wavelength spectrum to a single 
mode ?ber output port as stated in the last sentence of 
paragraph 66 

(b) When double passing need to have a 2 axis tilting 
mechanism and the diffraction grating co-located to 
maintain e?icient optical coupling When tilting the grat 
ing (para 80) 

(c) The only structures proposed that can simultaneously 
solve problems (a) and (b) With high reliability and loW 
cost are the MEMs structures proposed in FIG. 17. HoW 
ever all commercially available high diffraction e?i 
ciency, loW PDL gratings require highly specialized fab 
rication structures that are not compatible With MEMs 
fabrication processes and cannot be readily embossed or 
replicated as proposed. The MEMs gratings used in laser 
and spectroscopic applications have strong polarization 
dependence and a single axis tilt rather than 2 axes. 

Additional problems With the device shoWn in the refer 
ence that are overcome by the present invention include: 
No description is provided of hoW to scale from the tWo 

port ?lter to a conventional OADM device that provides 
3 ports (input, express output, and ?ltered add/drop) 

The concept and means to achieve hitless tunability is not 
described, and speci?cally hoW to recon?gure a conven 
tional 3 port OADM to change drop capacity Without 
disruption to any channels on the thru or drop paths. 

The disclosed alignment of grating grooves relative to inci 
dence angle preclude operation at the LittroW incidence 
condition required for commercially available high e?i 
ciency, loW PDL gratings. 

Does not provide a means for the output ?ber to couple 
light from the different positions along the axis Which 
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8 
has the spectral resolution (slit Width) variation, thereby 
preventing the variable bandWidth feature of the optical 
transmissive ?lter discussed in connection With FIG. 9 
of this application. 

As Will be seen beloW, the present invention overcomes 
these limitations of prior art by disclosing an optical tele 
scopic arrangement that tilts a beam incident on a static grat 
ing about a “virtual pivot” point on the surface of the grating. 
This arrangement enables the virtual co-location of the 2 axis 
tilting mechanism and the diffraction grating While using 
off-the-shelf, 2 axis MEMs tilt mirrors as Well as a high 
e?iciency, loW PDL grating that in its LittroW arrangement is 
also a standard part. When properly designed, this telescope 
can also provide beam expansion, Which can be advantageous 
because the tilted beams can be small on the MEMs mirror to 
minimize mirror size, While the beams can be expanded on 
the diffraction grating Where larger beams are desired to 
improve spectral resolution by illuminating more grating 
grooves. The present invention described beloW Will leverage 
this concept to enable a loW cost tunable ?ltering device With 
loW IL, loW PDL, multiple output ports and hitless recon?g 
urability in a compact, reliable device. 
The arrangement of the present invention is shoWn in FIG. 

3. In this invention, the input beam enters through an input 
collimator 300 and diffracts off a grating that is fabricated on 
a 2-axis analog tilt gimbal, 310. The diffraction off this grat 
ing is incident on aspheric lens 330, Which is separated by its 
focal distance from the grating diffraction point. In this posi 
tion, the lens Will parallelize (collimate) the beams diffracted 
at different angles, Which in the plane perpendicular to the 
grating lines corresponds to the Wavelengths that are dif 
fracted at different angles. The collimated beam With spa 
tially separated Wavelengths are then re?ected off mirror 340, 
Which re?ects the beam, except for a small aperture in the 
center Which alloWs a small Wavelength range to be transmit 
ted. The transmitted beam is then routed into drop collimator 
350 for subsequent use in the system. The re?ected beam 
passes back through the lens and grating, and is recollected at 
the input collimator. The input/output beams can be separated 
With a circulator, passive coupler, or by using a separate 
collimator (not shoWn). The output light can be coupled into 
a separate collimator located above the input collimator by 
tilting the surface normal of mirror 340 out of the page to 
re?ect the output beam into the added output collimator. It 
should be noted that the polarization dependence of the grat 
ing diffraction e?iciency is ideally very loW to minimize the 
Polarization Dependent Loss (PDL) of the entire device. 
Gratings With loW PDL are available commercially, hoWever 
this PDL might be improved even further by adding a quarter 
Waveplate 320 betWeen the ?rst and second pass of this device 
to cancel any remaining PDL. LoW PDL could also be 
obtained With a high PDL grating via a polarization diversity 
approach Where tWo orthogonal input polarizations are split, 
and one rotated to align With the other so they can pass 
through the device in the same polarization before rotation 
and recombination brings the tWo polarizations back together 
at the output. 

FIG. 4 shoWs hoW the optical spectrum of the input beam 
moves along the surface of the mirror 340 as the spectrum 
changes With grating tilt. Tilt of the grating along the axis 
parallel to the grooves Will change the diffraction angle of 
different Wavelengths, Which in turn changes the lateral posi 
tion Where different Wavelengths re?ect off the mirror as 
shoWn in 403 of FIG. 4A. Note When located over the aper 
ture, tilt in this axis alters the Wavelength passing through the 
aperture. For the purposes of clarity, this axis Will be hereafter 
referred to as the Spectral SelectionAxis (SSA). Tilting of the 
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grating about the orthogonal axis moves the spectrum 
orthogonal to its SSA, as shoWn in 404 of FIG. 4A. If there is 
no spatial re?ectivity variation over the mirror in this orthogo 
nal axis, to ?rst order there Will be no impact on the coupling 
of re?ected light into the output collimator. HoWever if there 
is spatial variation on that axis such that no portion of the 
beam falls on aperture 402 in FIG. 4A it is possible to use the 
mirror to position the spectrum on or off this aperture along 
this axis Which Will hereafter be referred to as the Spatial 
Positioning Axis (SPA). From a device function perspective 
the mirror in FIG. 4A has tWo different operation regions as 
shoWn in FIG. 4B. In region 405 the mirror does not split the 
beam, and all Wavelengths for the device design are transmit 
ted from the input to the express output, independent of the 
positioning of the SSA (Within limits of the device Numerical 
Aperture). In Region 406 the device acts as a tunable ?lter 
because the beamsplitter redirects one portion of the spec 
trum, and the Wavelength that is dropped is tunable through 
control of the tilt of the SSA. If region 406 Were used exclu 
sively, there Would be a change in transmission “hit” on 
intermediate channels as the SSA Was changed to drop the 
correct Wavelength. HoWever, the existence of region 405 and 
the ability to translate through that region Without impacting 
transmission of other channels enables the feature of “hitless” 
tuning. This operation constitutes a Hitless Tunable Filter 
(HTF), the operation of Which is shoWn in FIG. 4C. In this 
FIG, the grating is originally tilted such that the input spec 
trum is located to drop L1 as shoWn by beam projection onto 
the mirror surface noted 400. Assuming a desire exists to tune 
the drop Wavelength from 7» l to 7t”, then the grating Would ?rst 
be tilted on the SPA to position 410, then tilted on the SSA to 
position 420, and ?nally tilted back on the SPA to enable drop 
of An When the beam is positioned at 430. The positioning of 
the SPA axis to operate the device in Region I during the 
tuning is the key to avoid interruption of the channel trans 
mission of k2 through AW 1, thereby enabling the hitless opera 
tion. Note that the spectral properties of the beamsplitter 340 
Within region 406 are invariant With change in SPA along 404. 
One means to leverage that variation is to create a variation in 
the beamsplitter properties along the slit (e. g. re?ection angle, 
re?ectivity, or absorption) such that the output coupled from 
region 402 varies With SPA, thereby providing a VOA to tune 
this output relative to the output coupled from the rest of the 
mirror. 

The aforementioned devices are also extensible to multi 
channel drop, including variable drop channel bandWidth. 
This is accomplished by having a beamsplitter for the drop 
bandWidth that varies spatially along the SPA axis. This could 
be continuously tunable if the beamsplitter Width variation 
Was continuous as shoWn in 501 of FIG. 5A, Which Would 
alloW the drop bandWidth to be “tuned” by correctly position 
ing the tilt of the grating SPA axis to the position With the 
desired drop bandWidth. Tuning to Wider ?ltering bandWidth 
is shoWn in the progression of the beam positioning from 
position 510 to 511 to 512. The drop signal collection 
arrangement as shoWn in FIG. 3 is de?cient as the drop 
bandWidth groWs to multiple channels, because at the loca 
tion of the drop collimator the different Wavelengths are dis 
tributed spatially. Because the drop collimator coupling e?i 
ciency drops as the incident beam is offset from the optimum 
coupling, this effectively means the coupling e?iciency Will 
vary as a function of Wavelength, yielding less ideal spectral 
?ltering properties. Because this path is a drop port that a 
signal Will only transit once, this spectral shaping does not 
have to be an ideal ?at top, hoWever this effect Will cause 
unacceptable insertion loss and/or a rounded transmission 
spectrum When coupling many channels. One method to 
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avoid this trade off is to re?ect the drop signal back through 
the lens and grating system With a small mirror, 520, that is 
tilted at a slight angle as shoWn in FIG. 5B, to enable the drop 
signal to couple into another collimator next to the input 
collimator. This approach spatially recombines the Wave 
length components re?ected at an angle as shoWn in 523 into 
a single beam so they Will couple to an output collimator With 
an insertion loss and spectral shape that is nominally inde 
pendent of the bandWidth de?ned by the drop aperture. The 
independent, relative VOA capability described previously is 
one functionality necessarily lost When undertaking this 
double-pass approach because the beamsplitter variation 
along the SPA is used to change the bandWidth routed to a 
sperated output port, and therefore is not available to utiliZe as 
a VOA. Loss of this desirable feature may require that another 
degree of freedom be added to the drop device-coupling path 
such that optical poWer on that drop can be controlled. Pos 
sibilities include an independent degree of freedom to change 
the coupling of the drop collimator. 
One potential draWback of the continuously variable beam 

splitter geometry described above is that if the change in 
beamsplitter Width is signi?cant relative to the height of the 
beam on the mirror, this variation Will degrade the ?lter func 
tion, changing the spectral transmission to make it less sharp 
than it Would be With a constant Width. Since tunable ?lter 
devices in general Will require beams With cutting edge grat 
ings, collimators and lenses to meet the stringent spectral 
?ltering demands of DWDM applications, it is possible many 
applications Will not be able to accept the ?lter degradation 
resulting from the continuous bandWidth tuning arrangement. 
HoWever, an alternative approach could use step-Wise beam 
splitter transitions for the drop bandwidth as shoWn in 530 of 
FIG. 5C. Note that in FIGS. SC-SF, the diagonal hatched 
mirror area is re?ected in to the primary output port, and the 
square hatched area has a slight different re?ection angle as 
shoWn in 5B to couple to a different output collimator. This 
approach Will not sacri?ce the spectral ?ltering, but still can 
yield a number of regions that have signi?cantly different 
bandWidths. Similar to the continuously tuned device, the 
bandWidth Will be decided by Which segment the SPA grating 
tilt positions the grating on, While the absolute Wavelength 
registration has analog adjustment With the grating SSA tilt. 
Because these are independent control parameters, When neW 
bandWidth is desired from the ?lters, the mirror adjustments 
can independently control hoW much bandWidth is added 
(Within the constraints of the beamsplitter variation), and 
Whether that bandWidth is added to shorter or longer Wave 
lengths than the existing drop bandWidth (depending on the 
SSA grating position). It should be noted that When shifting 
spectral bandWidths in the stepWise beamsplitter shoWn in 
FIG. 5C the sharp change in the beamsplitter may disrupt 
neighboring channels during recon?guration because it is not 
impossible to seamlessly change to a neW bandWidth ?lter 
While maintaining the spectral alignment of one edge of the 
?lter. To minimiZe this problem it may be desirable to smooth 
the transition of the stepWise beamsplitter as shoWn in FIG. 
5D. This enables the ?lter bandWidth to change more sloWly 
such that the center Wavelength can be adjusted in tandem to 
effectively maintain the Wavelength of one edge of the ?lter 
While shifting the Wavelength of the other Wavelength edge. 

Unique demands for OADM applications place additional 
requirements that can impact the ideal beamsplitter geom 
etries. For example, due to optical protection requirements in 
systems it may be desirable in OADM applications to have the 
transmission on the thru (express) path that becomes opaque 
When poWer is lost. If the beam-tilting arrangement relaxes to 
the center position When this happens, it Would be desirable to 












